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Studies of the effects of prenatal x-irradiation of mammals have emphasized 
in recent years long-term pathological and functional investigations. These inves- 
tigations have included studies on growth (Murphree and Pace, 1960; Nash and 
Gowen, 1962; Parish, Murphree and Hupp, 1962; Rugh, Duhamel, Chandler and 
Varma, 1964), reproduction (Russell, Badgett and Saylors, 1960; Rugh and Jack- 
son, 1958; Nash, 1969), and postnatal mortality and lifespans (Nash and Gowen, 
1965; Rugh and Wohlfromm, 1965; Sikov, Resta and Lofstrom, 1969). 

In spite of the obvious significance to human populations, relatively little work 
has been done to explore the influence of genetic background in conditioning the 
response of embryos to x-irradiation. Most of the earlier studies either have 
utilized animals of unknown heterogeneous origin or single strains of uniform 
origin. A few studies have demonstrated the significance of genetic variability in 
embryonic response (Rugh, 1958; Callas, 1962; Nash and Gowen, 1962, 1965; 
Dagg, 1963; Nash, 1969). 

The recent review of Brill, Nance, Engel, Glasser, and Forgotson (1967) has 
pointed out the basic similarities between laboratory animal studies and long-term, 
postnatal effects observed in humans that have been exposed to prenatal irradia- 
tion. The studies reported in the present paper were designed to examine effects 
of prenatal x-irradiation upon the responses of inbred and hybrid mouse embryos 
as measured by morphological changes and changes in postnatal viability. 


MATERIALS AND METHODS 


The mice that were used in these studies were obtained from first pregnancies 
of matings within and among three inbred strains: BALB/Gw, K/Gw and 5/Gw. 
Descriptions of the characteristics of the strains are provided in previous papers 
(Nash and Gowen, 1962, 1965). The matings produced progeny which were 
either inbred or hybrid, and provided nine different inheritance types. 

Mated females were examined daily for the presence or absence of a vaginal 
plug, the plug being the sole criterion used to time the period of gestation and 
the approximate age of embryos at irradiation. The afternoon of the day 
on which the plug was observed was considered to be day 4 of gestation. 
Females were irradiated at 4 pm, and the gestational ages of the embryos at the 
time of treatment were considered to be approximately 64, 103, 144 or 173 days. 
Developmentally, these ages correspond to a time shortly after implantation, a 
period of major organogenesis, a period of minor organogenesis, and a time of 
rapid fetal growth, respectively. However, there are a number of factors which 
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are operative which make even the above approximate estimates of developmental 
stages subject to error. There is considerable variation not only between litters, 
but also among individuals of the same litter, as to fertilization time, implantation 
time, and subsequent developmental time. Allen and MacDowell (1940), for 
example, observed that embryos of the same chronological age may differ as much 
as 2+ hours in developmental age. 

The source of irradiation was a General Electric Maxitron which was operated 
at 250 pkv, 30 ma with 0.25 mm Cu + 1 mm Al filtration at a distance of 50 cm 
from anode to mid-mouse. The dose rate was approximately 133r/minute. 
Pregnant mice were exposed to single doses of whole-body irradiation of 0, 20, 80, 
160, or 320 roentgens. 


TABLE [ 


Percentage of developmental abnormalities induced by irradiation at 10} days 
gestation in inbred and hybrid mice 


Morphological characters observed at birth 


80r 160r 320r 
Inbred Hybrid Inbred Hybrid Inbred Hybrid 

Number of animals observed 12 76 Ze 48 17 33 
Abnormal 7 3 64 29 100 100 
Eyelids open 1 0 9 2 6 12 
Cranial blister 0 1 14 2 100 85 
Vaulted cranium 0 0 0 2 24 6 
Abnormal tail 6 1 41 10 100 100 
Overgrowth of feet 

Forefeet 0 0 5 0 0 0 

Hind feet 0 0 23 10 12 15 
Reduction of feet 

Forefeet 0 0 5 4 65 70 

Hind feet 0 0 0 2 59 67 








Mice were examined twice daily so that newborn litters usually were found 
within 12 hours of birth. Newborns were given a gross, external morphological 
examination. Progeny were checked daily for deaths and all mice were maintained 
at least through 75 days of age. Litters remained with their treated dams through 
the suckling period. All mice were weaned at 30 days, and the males and females 
were separated at that time. 

Additional data from these experiments describing effects on postnatal growth, 
reproductive performance, and lifespans are provided in several previous papers 


(Nash and Gowen, 1961, 1962, 1963a, 1963b, 1965; Nash, 1969). 
RESULTS 


Morphology 


The only three treatments which yielded abnormalities in more than singular 
occurrence were doses of 80, 160, or 320r at 104 days (Table I). An obvious 
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Increase in the percentage of abnormal mice is noted with increasing levels of 
irradiation, a dose of 320r causing all progeny to be abnormal to some degree. It 
was observed also that whereas none of the mice treated with 80r had more than 
one abnormality, and only about 15 per cent treated with 160r had more than one 
abnormality, all of the progeny exposed to 320r had multiple malformations. 

Digital abnormalities were restricted to 160 and 320r. The overall incidence 
of overgrowth remained approximately the same with both doses. However, a 
distinct difference in response between the forefeet and hindfeet was shown. Only 
a single case of overgrowth was found in the forefeet, while all other cases of over- 
growth were observed in hindfeet. 


TABLE Il 


Means and standard errors of litter sizes at birth after in utero radiation 
Se eee ee eee ——— eee 


Mean + standard 


Dose Embryological age Number litters Number young ror 

Or 13 101 7.84 .6 

20r 63 days 12 92 7.7 + 4 

103 days 14 106 7.64.7 

143 days 13 116 8.94 ./ 

173 days 16 134 8.44 .5 

80r 63 days 14 114 8.1 + .3 

103 days 18 148 8.2 4.5 

144 days 14 122 Sf eo 

173 days 11 88 8.0 +. 

160r 63 days 14 97 6.9 + 6 
103 days 10 71 7.1 + 1.0 

143 days 20 167 84 £15 

173 days 14 113 8.1 + .6 

320r 103 days 13 60 464.5 

143 days 9 di 19.5 

173 days 24 197 ey) B= 


The incidence of reduction was slight after a dose of 160r, but increased to 
66 per cent after 320r. The difference in response between fore- and hindfeet was 
not significant. 

It was of primary interest to compare the response of the two broad types of 
genetic constitutions used in these studies: inbreds and hybrids. The comparison 
of the responses to the induction of developmental abnormalities is most revealing 
with the dose of 160r, since with 320r all progeny were affected, and with 80r, the 
percentage of abnormal mice was too small to detect a significant difference. Fol- 
lowing a prenatal exposure to 160r, 64 per cent of the inbred progeny showed 
some malformation, but only 29 per cent of the hybrid progeny did (X? = 6.10; 
00.05) 


PRENATAL X-IRRADIATION AND VIABILITY 233 


Prenatal and neonatal mortality 


Although interest in the present studies was directed primarily towards study- 
ing effects of prenatal irradiation on postnatal viability, certain conclusions may 
be drawn concerning effects on prenatal and neonatal viability. One measure of 
the effects on prenatal viability is the number of progeny that survive to term 
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Ficure 1. Percentage incidence of stillborn mice, all genotypes pooled, following 


in vitro irradiation. 


Table II). The only treatment that differs significantly from the controls is 


320r at 104 days which caused a loss of 41 per cent of the voung. All of the 
progeny born after treatment with 320r at 10$ days were grossly abnormal morpho- 
logically, and, in addition, were all dead by the time of recording of the birth of 
the litter. Partial remains of mice that had been eaten by the dam also were evi- 
dent. The decreased litter size, thus, may not have been due to prenatal death 
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and resorption, but may have been due to the eating of abnormal young by the 
dam. An additional number of mice were given 320r at 104 days and saerificed at 
174 days of gestation to explore the loss of individuals. It was found that of 68 
embryos from 9 litters, all but two of them were already dead at the time of 
observation. Of the dead embryos, half of them were dead soon after treatment 
as evidenced by the almost complete resorption and the lack of distinguishable 
features of the embryos. In one of the litters all of the embryos were almost 
completely resorbed indicating that 320r given on 10$ days may cause a 100 per 
eent prenatal loss of progeny. 


EFFECTS OF IN UTERO IRRADIATION UPON POSTNATAL VIABILITY 
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FicurE 2. Effects of prenatal irradiation on postnatal survival of mice. 


The percentage of progeny that were stillborn or died within 12 hours of birth 
reached a maximum of 100 per cent on day 104 after a dose of 320r (Figure 1). 
The embryological age of 104 days appears to be most sensitive to neonatal mor- 
tality. The LD,, at birth is somewhere between 80 and 160r, the former causing 
only 5 per cent neonatal deaths, the latter 76 per cent. The only other treatment 
that increased neonatal mortality appreciably was 320r at 144 days, which caused 
23 per cent of the progeny to be stillborn. Doses of 20r or 8Or appeared to be 
ineffective in increasing neonatal mortality when given at any gestational age. 

A differential response of inbred and hybrid progeny was evident following a 
dose of 160r at 10 days. Mortality was 100 per cent in the inbreds, but only 
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TABLE III 


Effects of sex upon postnatal viability following prenatal irradtation 
(per cent alive) 


| | Days after birth 























Embryonic age | Irradiation 
at treatment dose ve | 
| 4 12 26 40 60 
Untreated Or | Male | 98 | 98 93 93 91 
Female | 98 | 95 87 78 76 
63 days 20r | Male 95 90 Soa 33 85 
| Female 80 70 70 67 69a 
80r Male 95 82 74 | 68 67 
Female 89 82 76 76 76 
160r Male o3 meso Mlumice 86 g4 
Female 81 | 72 67* 63* 60** 
103 days | 20r Male 98 91 89 82 76 
Female 89* 80* a 73 73 
80r Male 87 79 74 66 66 
Female 75 62 56 52 52 
143 days 20r Male 90 90 86 84 80 
Female 84 84 79 74 69 
80r Male 87 83 67 65 65 
Female 78 70 63 63 63 
160r Male 83 72 64 63 61 
Female 60* MO A 44** 137% 
173 days 20r Male 92 86 dd 74 71 
Female 91 82 2 72 71 
80r | Male 85 83 79 79 77 
Female 85 83 83 83 83 
160r Male 98 95 89 86 84 
Female 88 84 gi 76 74 
320r Male 84 66 47 43 40 
Female T4" 53 36* 35 285 
ae 005, 
EPLO 


64 per cent in the hybrids (X? = 8.83; 0.001 <P <0.01). The difference be- 
tween inbreds and hybrids in all other treatments was not significant. However, 
after 320r at 144 days, which did cause an increase in mortality, the data support 
the contention that the inbreds were more sensitive than the hybrids (30 per cent 
and 20 per cent mortality, respectively). 
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TABLE IV 


Comparison of postnatal viability of inbred and hybrid mice 
following prenatal irradiation (per cent alive) 


Days after birth 
Embryonic age | Irradiation 

















at treatment dose 3 
| ! 4 12 26 40 60 
Untreated Or | Inbred 87 87 83 83 83 
| Hybrid 99* 96 90 83 81 
6} days 20r Inbred 5) las 53 ee So” yao! 45 
Hybrid 98** 86** 857" S325 Sims 
80r Fnbred 84 84 1 74 74 
Hybrid 88 | 77 70 68 67 
160r Inbred 84 78 75 75 (es 
Hybrid 15 68 66 63 62 
103 days 20r Inbred 74 T2 es 67 62 
Hybrid 96** 87 75 
80r Inbred 60 49 49 40 39 
Hybrid Te aut* ee (piles? PEGS 
143 days 20r Inbred 76 76 66 66 63 
Hybrid 85 85 83* 78 73 
80r Inbred 60 51 38 38 38 
Hybrid ous Ole 83** 81** gy 
160r Inbred 49 40 31 30 30 
Hybrid 88** 76** ‘Siam Tort MORS 
175 days 20r Fnbred 85 70 66 64 61 
Hybrid 93 O2*% 79* ‘ore iffy 
80r Inbred 92 92 92 92 88 
Hybrid 81 5 75 15 
160r Inbred 79 79 74 12 72 
Hybrid 85 81 gu 73 70 
320r Inbred 66 | 49 27 19 19 
Hybrid 78 61 47* 1555 od 


Significant difference between inbred and hybrid mice. 


per =, 0.09. 
a0 :01, 








Postnatal viability 


Effects of prenatal irradiation on postnatal survival through 60 days of age 
are shown in Figure 2. The data include only those mice that survived the first 
12 hours after birth. Due to prenatal and neonatal mortality, all levels of irradia- 
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tion are not represented at all embryological ages. The data are presented within 
each of the four embryological ages pooled by sex and genotype. There appears 
to be some effect on postnatal viability following prenatal irradiation at any of the 
four gestational ages. Effects are minimum following irradiation at 6} days, reach 
their maximum following exposure at 10} days, and then decline at 14} and 174 
days. After a dose of 80r at 104 days only 55 per cent of the mice that were born 
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Ficure 3. Effects of prenatal irradiation on postnatal survival of inbred and hybrid mice 
following irradiation at 10% or 14% days of gestation. 


survived until 60 days of age. Sixty-two per cent survived the same dose at 143 
days and 78 per cent at 174 days. 

Table III gives the data on the postnatal survival of mice according to sex. 
The data were analyzed by means of variance analyses within each of the embryo- 
logical age—irradiation dose treatment combinations. The mean squares of within 
sexes variances were tested against the mean squares of between sexes variances, 
and significant F values are indicated in Table IJI. In all treatments in which 
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there is a significant difference in postnatal viability between the sexes, more female 
progeny die than male progeny. Among the untreated, control mice, although the 
difference does not reach significance, more males survive than females. There 
does not appear to be any consistent pattern between survival differences between 
the sexes and level of irradiation and gestational age at treatment. Prenatal irra- 
diation does not appear to affect the basic sex difference in postnatal viability that 
was observed in these data. 

The genetic data of the present investigations were analyzed by comparing the 
response of inbred and hybrid progeny within each of the treatments (Table IV). 
Among the control mice inbred progeny suffered a greater mortality than the 
hybrids the first few days after birth, but had comparable survival thereafter. In 
all of the prenatally-irradiated groups in which there was a significant difference 
in postnatal viability between inbred and hybrid mice, it was the inbreds that had 
the greater mortality. In those treatments which produced significant differences 
in postnatal viability, the major portion of the mortality had taken place by 12 
days after birth. The greatest differences in mortality between inbreds and hybrids 
are exhibited following irradiation at 104 days or 144 days. Results of the overall 
response of the two types of genotypes pooled by level of irradiation are shown 
in Figure 2. 


DISCUSSION 


Results of the present study, as well as the previous reports describing other 
postnatal responses of the same group of experimental mice (Nash and Gowen, 
1962, 1965; Nash, 1969), have demonstrated that prenatal irradiation may have 
pronounced, long-term effects on postnatal morphology and function. Such effects 
may develop in antmals that appear normal at birth. The viability findings re- 
ported in the present paper are in basic agreement with those obtained by Rugh 
and Wohlfromm (1965) in the mouse and Sikov, Resta, and Lofstrom (1969), 
in the rat. Rugh and Wohlfromm’s comprehensive study indicated that the post- 
natal LD5o/.9 values following prenatal irradiation between days 6 and 18 of gesta- 
tion fluctuated with respect to certain developmental stages. They found that the 
most radiosensitive stages were on days 8 to 10 of gestation, a time of active differ- 
entiation of the nervous system. The methodology employed in the present studies 
differed from that used by Rugh and Wohlfromm (1965) in two major aspects. 
First, their studies utilized just one inbred strain of mice (CF,), whereas the 
present studies used mice of nine different inheritance types. Secondly, in their 
studies all newborn litters were given to foster mothers that had not been irradi- 
ated. In the present studies litters were maintained with their natural mothers 
who also had been exposed to the same amount of whole-body irradiation as had 
their litters. Results thus reflect a combination of direct effects of radiation on 
the progeny and indirect effects that may have been mediated through the somatic 
effects of irradiation on the mother. In a previous paper (Nash and Gowen, 
1962), it was pointed out that there was some indirect evidence that effects of 
prenatal irradiation on postnatal growth were due to direct effects on the irradiated 
embryos and not due to effects on the lactating ability or maternal behavior of 
the mother. Similar postnatal growth patterns were obtained following a dose of 
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320r at 174 days gestation to fetuses and mother and a dose of 320r on the day 
of birth to the litter only. In addition, many of the effects on postnatal growth 
did not become evident until sometime after weaning. It is possible that some 
specific dose-embryological age combination might have an effect on the maternal 
organism which would influence postnatal viability of the progeny with or without 
a corresponding effect on postnatal growth. 

With the above limitations on consideration of results of both investigations in 
mind, some striking quantitative differences in response to prenatal irradiation of 
different genotypes become evident. In general the LD5,/., values obtained by 
Rugh and Wohlfromm from the CF, strain are higher than those of mice in the 
present studies, both inbreds and hybrids. The hybrids did tend to exhibit a 
greater radioresistance than the inbreds as measured by effects on development 
and postnatal viability. Heterosis in radiation response to prenatal exposure also 
has been noted by Rugh (1958) and Nash (1969). The present experiments do 
not yield any direct information on the underlying physiological mechanism of the 
greater radiation resistance of the hybrids. It is possible that some of the difer- 
ences in response are due, in part, to differences in developmental rates which 
may be under genotypic control. The same chronological age of gestation need 
not reflect necessarily the same developmental stage of the embryos. Painter 
(1928) and Venge (1950) demonstrated the influence of genetically determined 
variation in the timing of embryological development upon subsequent growth and 
development. Examination of differences in size of two breeds of rabbits revealed 
that the differences could be traced back to early embryological stages and differ- 
ences in cleavage rates of fertilized ova between large- and small-sized breeds. 
Additional experiments which would allow for differences in developmental rate 
of different genotypes are necessary. To date, this approach apparently has been 
used only by Dagg (1963). Differences in embryonic response also may reflect 
inherent differences in susceptibilities to radiation-induced effects on prenatal 
development and postnatal growth and viability. 


SUMMARY 


1. Developmental malformations and effects on postnatal viability were mea- 
sured in inbred and hybrid mice that had been irradiated at different stages of 
embryological development. Three genetically differentiated inbred strains of mice, 
BALB, K, and S, and their six possible types of hybrids, including reciprocals. 
were used. The design for these studies was factorial. There were five levels of 
irradiation : 0, 20, 80, 160, and 320r; five embryological stages: untreated, 65, 105, 
14!, and 174 days of gestation; two sexes; and mice of nine different inheritance 
types. Pregnant females were exposed to single whole-body 250 pkv x-rays on 
a specified day of gestation as timed from the appearance of a vaginal plug. Mial- 
formations were scored at birth and postnatal mortality was followed through 75 
days of age. 

2. Morphological anomalies observable at birth were found only after irradia- 
tion at 104 days gestation. Anomalies were observed after doses of 80r or more. 
Neonatal mortality also was highest following irradiation at 104 days. The LD,,, 
at birth was found to be between 80 and 160r, with a dose of 320r causing all 
progeny to be stillborn. 
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3. A differential response both in the induction of malformations and in the 
incidence of neonatal deaths was found between inbred and hybrid genotypes. 
Following treatment with 160r at 104 days there was 64 per cent abnormal and 
100 per cent stillborn progeny among the inbreds compared to 29 per cent abnor- 
mal and 64 per cent stillborn among the hybrids. 

4. Effects of prenatal irradiation on postnatal survival to 60 days were at a 
minimum after treatment at 6} days gestation, reached a maximum following 
irradiation at 104 days, and then declined at 144 or 174 days. No consistent pat- 
terns of survival differences between males and females and level of irradiation and 
embryological stage at the time of treatment was observed. 

5. Among the control or non-irradiated mice, inbred progeny suffered a higher 
mortality than the hybrids especially during the first few days after birth. In 
those treatments which produced a significant increase in postnatal mortality, inbred 
genotypes responded to a greater degree than did hybrid genotypes. 
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